3 0 3 1 Identification of enhancers has been a challenge in plants. STARR-seq measures 3 2 enhancer activity of millions fragments in parallel. Here we present a global map of 3 3 rice enhancers quantitatively determined using STARR-seq. Most enhancers are 3 4 mapped within genes, especially at the 5' untranslated regions (5' UTR) and the 3 5 coding sequences. Silent and low expressed genes in genomic regions enriched with 3 6 transposable elements (TEs) are frequently found containing proximal enhancers. 3 7 Analysis of enhancer epigenetic features at their endogenous loci revealed that most 3 8 enhancers do not co-localize with DNase I hypersensitive sites (DHSs) and are lack of 3 9 H3K4me1. Clustering enhancers by their epigenetic modifications revealed that about 4 0 40% of identified enhancers carry one or more epigenetic marks. Repressive 4 1 H3K27me3 is frequently enriched with positive marks of H3K4m3 and/or H3K27ac, 4 2 which together may bookmark poised enhancers. Intergenic enhancers were predicted 4 3 based on the location of DHS relative to genes, which overlap poorly with 4 4 functionally identified enhancers. In summary, enhancers were quantitatively 4 5 identified by functional analysis in a model plant genome, which provides a valuable 4 6
all of these enhancers (4,831/5,020) contain repetitive elements including SINE, Different from animal genome, repetitive sequences in rice genome are gene-rich. The theories that TEs may regulate gene expression or even give rise to new genes during 1 4 0 evolution [29, 30] . Identified enhancers are overrepresented in the 5' untranslated in the Drosophila genome [16] . We divided the rice genome in two type, TE regions, respectively (Figure 5D) . Accordingly, majority of C8 enhancers (73%) are 2 4 5 associated with TE regions (Figure 5D ). Genes associated with each cluster of non-TE regions than in TE regions except for cluster 7 (p=0.916) ( Figure 5E ).
4 8
Enhancers in cluster 7 are enriched with H3K27me3 ( Figure 5A ). Enhancers had been predicted based on chromatin accessibility in Arabidopsis [23].
5 3
We followed the published methods and defined a DHS as enhancer if it locates 2 5 4 beyond 1.5kb upstream of TSS and at the same time is not in a gene body. By this 2 5 5 method, 13,770 out of total 37,168 DHSs were predicted as enhancers ( Figure 6A , ( Figure 6B) , consistent with the fact that the repetitive sequences are mostly in closed predicted enhancers overlap with only a few STARR-seq enhancers (Figure 6C ).
6 0
Strikingly, clustering of predicted enhancers (DHS signal omitted and the C8 is 2 6 1 different from STARR-seq enhancers C8, dC2 and cC6 are also unique) showed that 2 6 2 even less of them are enriched with histone modification marks ( Figure 6D) expressed significantly higher than the middle level of total genes (Figure 6E ). We further compared the distribution of STARR-seq enhancers, predicted DHS 2 7 0 enhancers and other DHS sites (with DHS predicted enhancers excluded, 2 7 1 non-predicted enhancer DHSs, sList 4). These three groups of elements show sharply 2 7 2 different distribution patterns relative to the TSS of genes ( Figure 6F ). As previously 2 7 3
shown, STARR-seq enhancers are mostly enriched within gene body favoring the 5' Drosophila genome (sFigure 9). DHS predicted enhancers (13,770 out of total 37,168 2 7 7
DHSs genome-wide, 37%) are at least 1.5kb upstream away from TSS and out of most of the identified enhancers are located. Enhancer prediction relies heavily on chromatin epigenetic mark. Though several 2 9 4 histone modifications (H3K4me1 for most enhancers, H3K27ac for active enhancers, and coexistence of H3K27me3 and H3K4me1 for poised enhancers) have been 2 9 6 frequently used for enhancer analysis, this method may fail to predict enhancers in 2 9 7 chromatin devoid of histone modifications. Moreover, enhancers predicted by 2 9 8 epigenetic marks are difficult to verify by genetic methods at large scale. To measure 2 9 9 enhancer activity of candidate sequences independent from chromatin context, genome also shows that the majority of enhancers are localized within the gene body. The consistent observation of enhancer enrichment in the gene body in two 3 1 2 evolutionarily far-separated genomes may suggest that most genes could be regulated 3 1 3
by DNA elements built in their sequences (Figure 7) . Furthermore, it will be 3 1 4
interesting to see if enhancers in genes can also activate other genes separated by long genome genes separated far away can be co-regulated by enhancers located within the 3 1 7 gene body. Our analysis also reveals several unexpected features of identified enhancers in 3 2 0 the rice genome. First, the majority of STARR-seq enhancers do not overlap with Second, though H3K4me1 has been used to predict enhancers in mammals, it is 3 2 7
actually devoid from most STARR-seq enhancers and DHSs (independent of their 3 2 8 location) in rice genome. The fact that H3K4me1 is depleted from most DHSs further 3 2 9
confirms that H3K4me1 may not be the ideal mark of enhancers in rice genome. enhancers may be modified differently in different cells, or even differently on reveal the underlying causes of this intriguing observation. In summary, we presented a comprehensive enhancer activity map generated by into the elusive functional mechanisms of enhancers at large. For STARR-seq in rice cells, we constructed a screening vector based on the plasmid sequentially and are underlined in the following DNA sequence. We extracted genomic DNA from two weeks rice seedlings. About 125 µg of genomic Protoplasts isolation is described below. Stem tissues from 80-120 rice seedlings 4 4 9
were used. 5 seedlings were cut together into approximately 0.5 mm strips using sharp After digestion, protoplasts were filtered through 300 micron nylon meshes and 4 5 5
washed 3-5 times with W5 solution (125 mM CaCl2, 154 mM NaCl, 5 mM KCl, 2 4 5 6 mM MES, pH 5.7). Protoplasts were pelleted by centrifugation at 80g for 5min. After and placed on ice for 30 min. Protoplasts were centrifuged at 80g again for 5 min and 4 6 0 finally resuspended at a concentration of 1 × 10 7 cells per ml using the MMG solution, CaCl 2 , 0.6 M mannitol] added. Gently mix, then incubate in dark at 28°C for 15 min. eluted in 20-30 ul EB. All the libraries were sequenced on Illumine X Ten platform. we used the samtools [33] to filter the mapped reads and kept only uniquely mapped 5 1 4 reads with parameter "view -bS -f 2 -q 5". 5 1 5 Real-time PCR quantification are linearly correlated: r, Pearson correlation coefficient;
Figure legends
Error bars indicate two independent biological replicates; Inset, the same data 8 1 1 depicted in box plot; *p<0.05, ***p<0.001, Wilcoxon rank-sum test. determined by dividing the median gene size by 10), respectively. RPKM≦10; High, RPKM﹥10. with predicted enhancer excluded (23,398). B. Distribution of predicted enhancers
